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INTRODUCTION
Irradiation to mammalian embryos leads to morphological changes in several tissues, organ defects and death. The type and severity of the effects may be dependent on the kind and dose of radiations. The developmental stage of embryos also gives great significance in the effects of radiations. X- [1] [2] [3] [4] and γ- 5, 6) rays affect the prenatal and postnatal mortality and cause growth retardation and malformations in mice during the organogenesis. High-linear energy transfer (LET) radiations such as neutrons [1] [2] [3] and carbon ions (C) 7) also affect prenatal mortality and body weight after birth and cause malformations in mice and rats. During the organogenesis, mouse and rat embryos seem to be highly susceptible to radiation-induced morphological abnormalities. 4, 7) The abnormality depends on the organs undergoing differentiation, stage of differentiation, genetic background and the dose and LET of radiations. 4, 7, 8) Heavy ions are reported to possess highly lethal effects even on radioresistant tumors. 9) However, the effects of heavy ions, especially at low doses on the prenatal and postnatal development of animals have not been fully studied, though X-rays, γ-rays and neutrons are known to inhibit the development of animals. Previously, we reported that the effects of carbon ions on the postnatal development of mice were greater than that of γ-rays. 10) We used 290 MeV/nucleon carbon ions with the average LET of 50 keV/μm within a spread-out-Bragg-peak (SOBP). 11, 12) In this condition, each cell in developing mice was hit with carbon particles with LET of wide range. It was difficult to clarify the effects of heavy-ion on the development of animals in such a situation. Therefore, we used mono-energy silicon ions (Si) with similar LET in this study. Moreover, it is not known whether heavier ions such as argon (Ar, 100 keV/μm) and iron (Fe, 220 keV/μm) ions show any effects on the postnatal development of mice.
Skin is one of the most complex organs of the body consisting of multiple cell types, including epithelial tissue cells such as keratinocytes and sebaceous gland cells, connective tissue cells such as fibroblasts and endothelial cells, immune system cells such as T cells, leucocytes and Langerhans cells and ectodermal-origin cells such as melanocytes and Merkel cells. 13) Pigment-producing cells, melanocytes, are derived from the neural crest, a pluripotent embryonic cell population. 14) The neural crest cells initiate their migration from dorsal to ventral side around 9 days of gestation. 14) Melanoblasts, the precursors of melanocytes, proliferate and migrate throughout the skin all over the body.
15) The proliferation, differentiation and migration of melanocytes are regultated by themselves and by tissue environment, especially keratinocytes. [16] [17] [18] Keratinocytes mainly affect the proliferation and differentiation of melanocytes during the skin development in mice. 17) Most epidermal melanocytes migrate into hair bulbs and pigment-accumulating organelles, melanosomes, 13) are transported to surrounding keratinocytes to produce pigmented hairs. 19) Ionizing radiations are known to affect the development of melanocytes in mice. They have been reported to exert a dual action on differentiated melanocytes, selective killing [20] [21] [22] and stimulation of melanogenesis. 23, 24) They also affect mouse melanoblasts in the early stages of development. Affected mice possess patches of pigment-less white hair (white spots) in the midventrum [25] [26] [27] and tail-tips. 27) However, the effects of lowdose heavy ions such as silicon, argon and iron ions on the frequency and size of white spots in the mid-ventrum and tail-tips have not been studied.
The present study was focused on the effects of low-dose silicon, argon and iron ions on the postnatal development of mice as well as on the development of melanocytes by scoring changes in pregnancy, litter size, survival to day 22, body weight and the frequency and size of white spots in the midventrum and tail-tips with special reference to the effects of low-dose γ-rays.
MATERIALS AND METHODS

Mice
The mice used in this study were C57BL/10J (nonagouti black) strain. They were given water and a commercial diet, OA-2 (Clea Japan, Tokyo, Japan) ad libitum. They were maintained at 24 ± 1°C with 40-60% relative humidity and 12 h of fluorescent light was provided daily. The study was approved by the ethics committee of the National Institute of Radiological Sciences (NIRS) in accordance with guidelines of the National Institute of Health. Female mice were placed with male and checked for vaginal plugs. The time of vaginal plug formation was counted as day 0 of pregnancy.
Radiations
Females in which vaginal plugs were observed were placed in a box with 20 mm wall made of acrylic resin and given whole-body irradiation with γ-rays ( 60 Co, dose rate approximately 0.3 Gy/min), silicon, argon and iron ions (dose rate approximately 0.3-0.4 Gy/min) at 9 days of gestation without anesthesia. Ions were accelerated up to energy of 490 (Si) or 500 (Ar, Fe) MeV/nucleon with the Heavy Ion Medical Accelerator in Chiba (HIMAC) at NIRS as described previously. 11, 12) Mice were irradiated at plateau region of Bragg curve of each ion beam. In this condition, dose and LET do not change much through whole body thickness, 1% for Si, 2% for Ar and 10% for Fe. The dose average LET for Si, Ar and Fe was estimated 57.1 ± 0.5 (standard deviation, calculated from theoretical Bragg curve fitted to measuring data on each experiment day), 100 and 220 keV/μm (estimated using slimCODE) at the sample (embryo) position, respectively. All mice were irradiated at the same time of morning on each occasion.
Postnatal development of mice
The number of pregnant females at 18 days per females with a vaginal plug (percentage of pregnancies), the number of females with living offspring at 0 days per females pregnant at 18 days (percentage of births), the number of offspring at birth per females with living offspring (litter size), and the number of offspring at 22 days per offspring at 0 days (survival to day 22) were scored. The average body weight was calculated by the body weight measured at 22 days of age.
Observations of white spots in the mid-ventrum and tail-tips
Cutaneous hairs of offspring were carefully observed when they were 22 days of age. White spots were observed in the mid-ventrum and tail-tips of offspring. 10, 27) Mice that possessed a visible streak of white in the ventral midline more than 1 mm wide were scored as animals with a white spot. The approximate values of the areas of the ventral white spots were obtained by calculating the area of rhombus (0.5 × major × minor axis mm 2 ). The average area of mid-ventral white spots was calculated only from individuals that possessed the ventral spots. Mice that possessed a visible white tail-tip more than 1 mm in length were scored as animals that possessed a tail-tip white spot. The length of the tail spots (mm) was measured as a distance from the tailtip to the proximal border of white areas. The average length of white tail-tip spots was calculated only from individuals that possessed tail-tip spots.
Statistical methods
The statistical significance of the differences in the percentage of pregnancies, percentage of births, survival to day 22 and frequency of ventral and tail-tip spots was determined by the nonparametric Mann-Whitney U-test. The average litter size, average body weight, average area of ventral spots and average length of tail-tip spots was surveyed by the Student's t-test (two-tailed) for comparison of groups of unequal size.
RESULTS
Effects on postnatal development
No significant change was observed in the percentage of pregnancies at all doses and kinds of radiations tested ( Table  1 ). The percentage of births decreased above 0.75 Gy of silicon, argon and iron ions, though these differences were not statistically significant (Table 1) . Dams prenatally exposed to silicon ions at the dose of 1 Gy and to argon and iron ions at the dose of 0.75 Gy produced no living pups. For the γ-irradiation, no effects were observed up to 0.75 Gy (Table  1) , however, no pups were born when exposure dose increased to 2 Gy (Hirobe, unpublished data). This may be partly due to the killing of pups by dams immediately after birth. The percentage of live birth from dams exposed to 0.75 Gy of silicon ions was approximately 38% compared to control mice. The average litter size decreased in mice exposed to argon and iron ions at the dose of 0.4 Gy (P < 0.05), but not to γ-rays or silicon ions (Table 1) . Thus, the order of the effects on the percentage of live births is as follows: Fe, Ar > Si > γ. Despite the fact that no drastic decrease was observed in the litter size, the survival to day 22 decreased in mice exposed to silicon (0.75 Gy), argon (0.4 Gy) and iron (0.5 Gy) ions (P < 0.05, Table 1 ). No weanling was observed in offspring exposed to silicon ions at the dose of 0.75 Gy. By contrast, there was no change in the survival to day 22 in the offspring exposed to γ-rays at the doses from 0.1 to 0.75 Gy, suggesting that γ-rays do not affect the breeding of their pups up to the dose of 75 Gy. These results suggest that the irradiated dams might not breed their pups easily. By comparing the data on the survival to day 22, the effectiveness of argon and iron ions The proportion of females with living offspring at 0 days to females pregnant at 18 days. 3 Average litter size, the number of offspring at birth per the number of females with living offspring at birth and shown as average litter size with standard error of the mean (SEM). 4 Body weight was shown as average weight with SEM. *Significantly different from control (P < 0.05). **Significantly different from control (P < 0.01).
seems to be greater than that of silicon ions. Thus, the order of the effects on the survival to day 22 is as follows: Fe, Ar > Si > γ. The average body weight of offspring exposed to γ-rays at the doses of 0.1, 0.25 and 0.5 Gy increased, but that of 0.75 Gy decreased (Table 1 ). These differences were statistically significant (Table 1 ). The body weight of offspring exposed to silicon ions at the dose of 0.1 Gy, argon ions at all doses tested and iron ions at the doses of 0.1, 0.2 and 0.3 Gy also decreased (Table 1) . These results suggest that the postnatal development of mice is greatly inhibited by silicon, argon and iron ions.
Mid-ventral white spots
Four offspring of 230 exhibited a ventral white spot in non-irradiated control mice ( Table 2 ). The frequency of the mid-ventral white spots gradually increased in offspring exposed to all kinds of radiations as dose increased (Table   2 ). Significant increase in the frequency of ventral spots was observed even in the offspring exposed to 0.1 Gy of γ-rays, silicon ions and iron ions ( Table 2 ). The greatest increase in the frequency of ventral spots was observed in the offspring exposed to iron ions. The white area was mostly observed in the mid-ventrum, but in rare case observed at the right or left side of the mid-ventrum. Only one spot was observed in the ventrum in almost all cases except silicon ions where two separate small white spots were observed in several cases. The skin exhibiting white spots was devoid of melanoblasts and melanocytes in the epidermis, dermis and hair follicles. These results may suggest that silicon ions induce delayed cell death or delayed inhibition of melanocyte development more effectively than other ions or γ-rays.
The reason why the frequency of ventral spots failed to linearly increase from the doses greater than 0.3 (iron ions) or 0.4 (argon ions) Gy cannot be explained well. One possi- 12.3 ± 10.3 9/9 (100%) 8.1 ± 1.9 1 The major (a) and minor (b) axes of all ventral white spots observed were measured. The average areas of white spots were calculated from the individuals with white spot as the area of rhombus (0.5ab ± SEM mm 2 ). 2 The lengths (mm) of all tail-tip white spots above 1 mm were measured. Average length of tail-tip white spots was shown with SEM. 3 One weanling exhibiting hair-loss (alopecia) in ventrum was excluded from the calculation. Since C57BL/10J mice possess the alopecia gene, dorsal hair-loss at the weaning is usually observed in most cases. However, in rare case of severe hair-loss by the alopecia gene, ventral hair-loss is also observed in the weanling. *Significantly different from control (P < 0.05). ble explanation is that the frequency of ventral spots in mice exposed to iron or argon ions at the doses greater than 0.3 or 0.4 Gy may be underestimated, since the irradiated offspring that possessed morphological anomalies and/or large ventral spots are assumed to die. This assumption may be partly supported by the present observations that the survival to day 22 in offspring exposed to argon and iron ions at the doses greater than 0.4 Gy markedly decreased (Table 1) . Evidences supporting this assumption are also obtained by our observations that numerous 18-day-old embryos exposed to argon and iron ions at the doses greater than 0.5 Gy possessed embryonic death or developmental anomalies (Hirobe, Eguchi-Kasai, Sugaya and Murakami, unpublished data). By these reasons, we plotted the frequency of ventral white spots only in the offspring exposed to the doses that do not influence the survival to day 22 (Fig. 1) . In the case of iron ions, the data of 0.3 Gy was not plotted, since iron ions at the dose of 0.3 Gy did not decrease the survival to day 22, but did decrease the percentage of birth. The decrease in the percentage of birth may be partly reflected by the embryonic death or developmental anomalies. The linear dose-response curve of the frequency of ventral spots was observed in mice exposed to γ-rays and silicon ions at all doses tested, and in mice exposed to argon from 0.1 to 0.3 Gy and to iron ions from 0.1 to 0.2 Gy (Fig. 1) . The effectiveness of radiations on the frequency of white spots was highest in mice exposed to iron, then argon, silicon ions and γ-rays (Fe > Ar > Si > γ). Although the RBE of heavy ions can be estimated by the index such as the percentage of pregnancies and births as well as survival to day 22, we selected the frequency of ventral spots for one of the indices of estimations of RBE. A good correlation between the dose and frequency of ventral spots was observed in the low-dose γ-rays and heavy ions as revealed in Fig. 1 . The RBE estimated by the frequency of the ventral spots was 2.3 for silicon, 3.1 for argon and 4.5 for iron ions, and we plotted the relationship between the RBE and LET of heavy ions (Fig. 2) .
The average area of the ventral spots gradually increased in mice exposed to γ-rays from 0.1 to 0.75, while no linear dose response curve was observed in mice exposed to silicon, argon and iron ions (Fig. 3) . The size ranges were generally between 2.5 and 7.5 mm 2 irrespective of the doses and kinds of radiations. However, in animals exposed to silicon ions at doses of 0.1 and 0.25 Gy, large spots (> 30 mm 2 ) were observed in some cases, though the difference between the 0.1/0.25 Gy group and the 0.5 Gy group are not statistically significant (Table 2 ). These results suggest that the mechanisms of action of heavy ions on the development of white spots may differ from that of γ-rays.
Tail-tip white spots
There was a slight increase in the frequency of tail spots in mice exposed to γ-rays, silicon, argon and iron ions compared to non-irradiated control mice, though the additional increase in the frequency was not evident (Table 2 ). This was caused by the high frequency of white tail spots even in nonirradiated mice compared to white ventral spots (ca. 3% in normal circumstances in C57BL/10J). 27) This is due to the characteristics of C57BL/10J mice. 28) In C57BL/10J mice, ca. 90% of animals possess tail-spotting. 28) This white tail- Fig. 1 . The frequency of ventral white spots in 22-day-old offspring prenatally exposed to γ-rays, silicon, argon and iron ions. The frequency at the doses that exhibit a linear curve is plotted. Pregnant females were given a single exposure to different doses of γ-rays (•), silicon (▲), argon (■) and iron (◆) ions at 9 days of gestation.
Fig. 2.
The correlation between the RBE estimated by the frequency of the ventral white spots and the LET of silicon (57 keV/ μm), argon (100 keV/μm) and iron (220 keV/μm) ions. A good correlation is observed between the RBE and LET. Since the deviation of LET was very small (see MATERIALS AND METHODS), the standard errors were not larger than symbols.
tipping is due to an autosomal recessive gene, with incomplete penetrance. 28) Since C57BL/10J mice possess this recessive gene, tail-spotting generally occur in normal circumstances. Two hundred and one offspring of 230 exhibited tail-tip white spots in non-irradiated control mice (Table  2 ) similar to our previous data. 27) Otherwise, the average length of tail spots in mice exposed to silicon, argon and iron ions gradually increased as dose increased, but not in mice exposed to γ-rays (Fig. 4) . The difference between control and irradiated mice with silicon and argon ions at all doses tested or iron ions at the doses of 0.1, 0.2 and 0.4 Gy was statistically significant (Table 2 ). These results suggest that heavy ions are more effective for increasing the area of white tail-tips than γ-rays.
DISCUSSION
In low dose region of high LET radiation, particle flux irradiated to cell is usually very small. Using silicon, argon and iron ions of 0.1 Gy at 57, 100 and 220 keV/μm, each cell was hit in average just about 1.1, 0.6 and 0.3 particles within 100 μm 2 area which is approximately the area of cell. Thus, numerous cells are not hit by these particles, suggesting that biological effects such as direct effects of cell killing by these particles are not evident in the low dose such as 0.1 Gy. Taken together, the low-dose heavy ions may be fundamentally different from low-dose γ-rays. Indeed in this study, great difference existed in the average area of the ventral white spots as well as the average length of tail-tip white spots between effects of low-dose γ-rays and those of lowdose heavy ions.
The postnatal body weight after exposure to X-rays 3) and neutrons 3) was reported to decrease at the stage of organogenesis. The postnatal body weights of offspring after exposure of neutrons to 13-day-old embryos were 73-85% (0.25-0.75 Gy) at 22 days compared to control mice.
3) Concerning the average body weight as an indicator of postnatal development, argon ions appear to possess strong inhibitory effects (85% at 0.5 Gy) in this study, but no inhibitory effect was observed in mice exposed to γ-rays below 0.5 Gy. It is difficult to compare the dose effects of neutrons on the literature with those of heavy ions in this study, because the possibility cannot be excluded that 9-day-old embryos are less sensitive than 13-day-old embryos. Concerning the mechanism of the action of heavy ions on the postnatal development of mice, cell death or proliferative death of cells may be related. 29, 30) Indeed, recent studies using mammalian cells in culture seem to support this hypothesis. Namely, heavy ions increase non-rejoined chromatin breaks, 31) cell death 32) and morphological transformation.
33)
The LET and ion-species dependence for cell killing is observed in human skin fibroblasts. 32) The present data also indicate that the postnatal development of mice is dependent on the LET and on heavy ion-species. Fig. 3 . The average area of the ventral white spots in 22-day-old offspring prenatally exposed to γ-rays, silicon, argon and iron ions. Pregnant females were given a single exposure to different doses of γ-rays (•), silicon (▲), argon (■) and iron (◆) ions at 9 days of gestation. Fig. 4 . The average length of tail-tip white spots in 22-day-old offspring prenatally exposed to γ-rays, silicon, argon and iron ions. Pregnant females were given a single exposure to different doses of γ-rays (•), silicon (▲), argon (■) and iron (◆) ions at 9 days of gestation. The average length of tail-tip white spots in the offspring at 22 days is plotted.
The exposures to all the radiations used in this study produced white spots in the mid-ventrum and tail-tips of offspring, and their frequencies increased as dose increased. Heavy ions were more effective than γ-rays. Since the skin exhibiting white spots was devoid of melanoblasts and melanocytes, all the radiations tested appear to affect the development of melanoblasts and melanocytes. The white spots were generally restricted to the mid-ventrum and tail tips, which are the final destinations of migratory neural crest cells starting around 9 days in gestation. 14) These results are similar to our previous results on γ-rays.
27) It is possible that carbon, silicon, argon and iron ions as well as γ-rays lead to cell death in the neural crest cells or melanoblasts/melanocytes and reduce the number of viable melanoblasts/melanocytes that can migrate and colonize hair follicles, resulting in white spots. Another possibility is that some damage produced by γ-rays or heavy ions even in the low-dose such as 0.1 Gy elicits delayed inhibition of melanoblast proliferation and reduce the number of viable melanoblasts/melanocytes that can colonize hair follicles. In fact, the number of melanoblasts and melanocytes in the epidermis and hair follicles is significantly decreased by the irradiation of γ-rays and heavy ions even in the low-dose of 0.1 Gy. 34) When neural crest cells or melanoblasts migrate from dorsum to ventrum, damaged cells may gradually stop proliferation and finally the population of hair follicles without migrating melanoblasts may develop white spot at the mid-ventrum. In addition, the possibility cannot be excluded that inhibition of the differentiation of melanoblasts from neural crest cells as well as the differentiation of melanocytes from melanoblasts.
In this study, the frequency of tail-tip spots was very high compared to that of ventral spots even in non-irradiated mice. One of the explanations for this difference is that the distance of migration of neural crest cells in tail-tips is much longer than in mid-ventrum. Since tail-tip is the final destination of neural crest cells, it requires more migration than mid-ventrum. Thus, the migrating neural crest cells or melanoblasts that colonize epidermis and hair bulbs gradually decrease in number, and epidermis or hair bulb devoid of melanoblasts and/or melanocytes in the tail-tips results in white tail-tip spots. Second, tail-tip pigmentation is regulated by the tail-spotting gene, 28) but ventral spots are not known to be regulated by any genes, suggesting that the mechanism of development of tail spots differs from that of ventral spots. High frequency of tail-spots may be due to this tailspotting gene. 28) Third, the difference may be due to the difference in distribution pattern of melanocytes in the epidermis and hair follicles, namely weanling tail skin possesses numerous melanocytes in the epidermis but much less melanocytes in hair follicles, whereas weanling ventral skin possesses no melanocytes in the epidermis but many hair follicles with melanocytes. 34) Tail-tip white spots may occur frequently, since tail-spots are developed by the loss of melanoblasts/melanocytes in the epidermis of tail-tips in addition to the loss of melanoblasts/melanocytes in the hair bulbs (very few) of tail-tips. By these reasons, the frequency of white spots in the tail-tips is thought to be greater than that of mid-ventrum.
The present study showed that iron ions at the dose of 0.1 Gy elicited significant increase in the frequency of ventral spots. Krebs et al. 35) observed electron microscopically retina cells of 4-week-old rats after exposure of 450 MeV/ nucleon iron ions which LET was 195 keV/μm and lower than that of our experiment. They reported that iron ions at the dose of 2.5 Gy elicited pyknosis in retina cells, but not at 0.1 Gy. Although this discrepancy between their results and the present findings can not be explained at present, it might be attributed to the differences in the kinds of cells (rat adult cells vs. mouse embryonic cells) as well as in the kind of ions and LET of radiations. Other possibility is so-called "bystander effect" or the interaction between melanoblasts/ melanocytes, keratinocytes and dermal tissue. Mouse epidermis is mainly constituted with keratinocytes (ca. 98%) and melanoblasts/melanocytes (ca. 2%) and dermis is mainly constituted with fibroblasts and melanoblasts/melanocytes in addition to endothelial cells and blood cells. Hair follicles are constituted with melanoblasts/melanocytes, keratinocytes, and fibroblasts. Keratinocytes and fibroblasts surrounding melanoblasts/melanocytes may be hit by iron particles even at the dose of 0.1 Gy, since numerous keratinocytes and fibroblasts exist with melanoblasts/melanocytes. The irradiation of iron ions to embryos may lead to cell death or inhibition of proliferation of keratinocytes and fibroblasts. The loss or decrease of keratinocytes and fibroblasts may elicit the loss or decrease in growth factors or cytokines secreted from them, [36] [37] [38] [39] resulting in the inhibition of proliferation and differentiation of melanocytes and finally in the development of white spot. Thus, the "bystander effect" or interaction between melanoblasts/melanocytes and keratinocytes or fibroblasts may be another factor that control the midventral white spots. Wu et al. 40) reported that the death of rat keratinocytes by iron ions might be due to the cell cycle arrest and showed that numerous cell cycle-related genes were upregulated using DNA microarray analysis. Further studies are needed for the effect of irradiation on the interaction. In addition to the tissue environment, the proliferation and differentiation of mouse melanocytes is regulated by numerous humoral factors (hormones) [41] [42] [43] [44] from endocrine organs. It is possible that the heavy ions reduce the production and release of the hormones from endocrine organs.
The LET of iron ions used was greater than that of argon ions. The effects of iron ions on the development and survival of mice as well as the frequency of ventral and tail spots were greater than those of argon ions. Therefore, the effectiveness of heavy ions on the development of mice and melanocyte development seems to be LET-dependent. LET-RBE relationship of biological effects was often reported to possess a peak at middle LET range. [45] [46] [47] Bettega et al . 32) irradiated silicon, titanium and iron ions to AG1522 human fibroblast line and studied their effects on delayed reproductive death. They found that the RBE was proportional to the LET from 56 to 147 keV/μm, but not from 147 to 442 keV/ μm. Hirayama et al . 48) also reported that RBE estimated by the effects on the cell killing of Chinese hamster V79 cells was proportional to the LET from 20 to 200 keV/μm of iron ions, but inversely proportional to the LET from 200 to 2106 keV/μm. Groesser et al. 49) irradiated iron ions with LET of 151 to 235 keV/μm to V 79 Chinese hamster ovary cells and studied their effects on micronucleus formation. They found that the RBE of iron ions was dependent on the LET. Moreover, the reports by Wang et al. 7) who studied the testis malformation by heavy ions (LET of 13 to 30 keV/μm) as well as our present findings on Si, Ar and Fe ions (LET of 57 to 220 keV/μm) support the assumption that the RBE of heavy ions is dependent on the LET. The RBE of heavy ions seem to be dependent on LET at the lower LET, but not at the higher LET.
The RBE estimated by the frequency of ventral spots was 2.3 (silicon), 3.1 (argon) and 4.5 (iron). The RBE estimated by the killing of human fibroblasts by silicon ions was reported to be 2.1. 30) Moreover, the RBE estimated by the G1 delay in several cell lines by neutrons was reported to be 2.6-3.0.
50) The RBE estimated by the killing of V79 cells 48) and mouse kidney cell line 51) by iron ions was reported to be 2.9 48) (LET is 200 keV/μm at HIMAC, almost same as our study) and 2.0 51) (1 GeV/nucleon at NASA Space Radiation Laboratory, therefore estimated as 148 keV/μm), respectively. Despite the differences in the kinds of cells, species and experimental systems, the RBE value in the present results are not so much different from them, but little greater.
